Plants were regenerated from leafy spurge (Euphorbia esula L.) cell suspensions obtained from stem callus.
INTRODUCTION
Leafy spurge (Euphorbia esula L.) is a vigorous, highly competitive perennial weed of Eurasian origin that has spread rapidly over the northern U.S. and Canada and has become an economic pest in the past several years (Watson 1985) . Buds form readily on underground parts of the plant and seeds scatter several feet from the parent plant, resulting in extensive areas of pastures, rangelands, recreational areas and roadside ditches becoming dominated by the plant (Lym and Messersmith 1985) . Lee and S t a r r a t t (1972) were the f i r s t to establish callus cultures from roots of leafy spurge seedlings, using NAA, but they made no attempt to regenerate plants from t h e i r cultures. In the present study, c e l l suspensions derived from callus were used to establish conditions under which organogenesis occurred in v i t r o to learn more about the growth and development of leafy spurge in the hopes that that information could be used as part of a r a t i o n a l chemical control program.
iMention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the U. S. Department of Agriculture and does not imply its approval to the exclusion of other products that may also be suitable.
MATERIALS AND WETHODS
Cell suspensions were obtained from stem segments of greenhouse-grown plants of a single field-collected accession, designated as 1979ND1 (collected as rootstock in 1979 in southeastern North Dakota) and accessions from the collection of Ebke and McCarty (1983) that were originally obtained from Austria (1978A1) and Oregon (19780R1). Other accessions from several geographic locations were also used to form callus and cell suspensions, but they are not included in this report because they showed little or no inclination to form organs after several attempts. The accessions included in this report were chosen because it was desired to compare a European accession (where leafy spurge may have originated) to North American accessions. The North Dakota accession was phenotypically similar to the Austrian one, whereas the Oregon accession has broader leaves and a more bushy appearance: these three accessions have also been used in chemotaxanomic studies Davis 1984, 1987; Mahlberg et al. 1987 ).
Root material was transplanted into Fargo clay loam soil in plastic pots in a greenhouse with temperatures of 25 C and 14 h daylight. Six-week-old stem segments (grown from root buds) were sterilized lO min with 2.6% sodium hypochlorite, rinsed twice with sterile water and placed onto agar medium (0.7% w/v) with B5 salts and vitamins (Gamborg et al. 1968) or with MS salts and vitamins (Murashige and Skoog 1962) . Either 1 mg L -1 2,4-D (alone) or 2,4-D, NAA and kinetin at 0.4, 0.4 and 0.2 mg L -1, respectively, produced good callus (Table 1) . Cell suspensions were established from the callus and ~aintained in liquid B5-1 medium (B5 medium with 1 mg L -l 2,4-D), and placed onto rotary shakers at lO0 cycles min-1 in darkness. Other suspensions were also obtained later from hypocotyls and roots of aseptically germinated seeds of field-grown plants (from North Dakota). These cell suspensions were obtained directly by agitating hypocotyls and root segments in liquid media.
For regeneration experiments, c e l l s were washed twice with hormone-free medium and inoculated into fresh B5-O or MS-O media (containing no growth regulators). Five ml washed cells were added to 25 ml fresh medium in 125 Erlenmeyer flasks, or 0.5 ml Offprint requests to: D. Davis of cells of a known weight was placed upon 13 ml agar medium in 6 cm plastic petri dishes which were wrapped with Parafilm[R).
Inocula were obtained from cells I0 to 14 days old because this was the period of maximum growth of cultures which had been grown originally 12 months on BS-1 agar medium (subcultured monthly) followed by 6 months in liquid BS-1 (subcultured every lO days): dry weights of the cells used for inocula increased from about 22 mg to approximately 145-180 mg per 30 ml media. Inocula (0.5 ml) from these cultures produced the maximum numbers of roots (52 to 127) and shoots (36 to 62) when compared to cells sampled at other times, in a preliminary experiment. Cells were grown under 40 watt cool white fluorescent lights, 14 h photoperiod. Roots and shoots were counted at 3 weeks ( f l a s k s ) or 6 weeks ( p e t r i d i s h e s ) .
Experiments were r e p e a t e d two or more times, and the data shown are from r e p r e s e n t a t i v e experiments.
Unless otherwise indicated, sucrose was supplied at 2~ (w/v) for B5 medium and 3~ for MS medium. In experiments which compared various ratios of reduced:oxidized nitrogen, 3~ sucrose and a total nitrogen of 27 mM (as in regular B5 medium) were used. Nitrogen salts were supplied as in the original formulations, except NH4C1 replaced (NH4)2N03 where appropriate in MS medium to adjust the reduced form of nitrogen to the indicated value.
Cell suspensions were separated into various clump sizes by passing them through a series of nylon screens with openings 4, 2.4, 1.2 or 0.6 mm. The cells were then tested for their capacity to form organs by washing them with hormone-free medium and then inoculating them into BS-O and MS-O media. Fewer cells were present in clumps < 0.6 mm in diameter than in the larger clumps, so the data are reported for these experiments on the basis of inoculum dry weight, rather than per dish. Single cells were not common, and were included with the smaller clump size. Unless otherwise stated, all experiments were performed with cells derived from stem callus of accession 1979ND1.
Plantlets derived from the cell suspensions of accession 1979ND1 were selected and transferred to plastic pots one-half full with a mixture of 50~ peat and 50~ horticultural fine grade vermiculite, watered with 1/3 strength Hoagland's nutrient solution and fitted loosely with a plastic bag over the top to maintain high humidity. The plants were placed under fluorescent lights at room temperature (25 C) for two to three days and transferred to a greenhouse. The plastic bags were removed within two to three weeks and the plants were adapted to normal greenhouse conditions.
RESULTS
Callus formed on stem segments of three leafy spurge accessions from Austria, North Dakota and Oregon. Two cell lines of each accession were selected for further subculturing on initiation media, based on their superior growth. After three passages these calli were placed into MS-O liquid medium for two or three subcultures to test for organogenesis.
Roots were formed in all three of the accessions (Table l) but the numbers ranged from a few to more than lO0 per flask, depending on the accession and on the medium in which the cultures were initiated.
The North Dakota accession (1979NDI) produced far more roots in the cell line initiated on BS-1 medium than did the other two accessions on the same medium (Table 1) . Cultures from this same accession initiated on B5 medium containing 2,4-D, NAA and kinetin produced more than lO0 roots per flask. The results shown in Table 1 illustrate two points: (1) all three accessions shown are inherently capable of organogenesis in vitro, but at markedly different capacities, and-(2-T~ vitro organogenesis may be a function of the medium for callus initiation. Calli were initiated from all three accessions on both B5 and MS media with 2,4-D only or with all three growth regulators. However, because many of the cultures grew poorly they were discarded; those shown in Table 1 produced good callus and were maintained for the experiments in this study (and for other studies unrelated to oganogenesis).
Shoot formation was more variable than root formation. No shoots were formed from the cell lines of the North Dakota, Oregon or Austrian accessions shown in Table i if the cell lines were initiated in BS-1 medium. However, shoots were formed in the cells lines of 1979ND1 and 19780R1 accessions when the cultures were initiated in B5 medium containing all three growth regulators, and in accession 1978A1 initiated in MS medium with 2,4-D alone (Table 1 ). The North Dakota accession appeared to be much more amenable to organogenesis than the other two accessions, and so was used for further experiments described here.
The effects of three different reduced:oxidized nitrogen ratios on root formation is shown in Table  2 , for clumps of variable size. In all but one case the number of roots formed in a medium with 33:67 nitrogen ratio was greater than those in the 8,92 or 85:15 ratios. In Table 3 is shown a similar situation for inocula of the larger clump size (1.2-2.4 mm) but containing variable cell mass. Cells in all clump sizes were rhizogenic although the usual trend was for larger clumps to produce more roots per unit mass than the smaller clumps (2) iTotal N = 27 mM (Table 2 ). More v a r i a t i o n was observed with the smaller clumps, but the 1.2-2.4 mm clumps outperformed the smaller clumps in both media. There was no consistent r e l a t i o n s h i p between the mass of the inocula and root formation (Table 3) .
Cell suspensions transferred from B5-1 liquid medium to MS-O liquid medium formed root initials in 3 weeks (or less). Further transfer to fresh MS-O or B5-0 liquid media, resulted in shoot formation after an additional 3-6 weeks. In the experiment shown in Table 4 , root to shoot ratios from 3:1 to 50:1 were observed, depending on the medium and the sucrose concentration.
In this experiment cells grown with 3% sucrose produced fewer shoots than with 2% or 1% sucrose. However, this result was not always consistent in other experiments, so the relationship between sucrose concentration and shoot formation is not well defined in these cultures.
Cell suspensions capable of organogenesis also were formed directly from hypocotyls and root segments of aseptically germinated seedlings that were placed directly into liquid without going through a callus phase ( Table 5 ). All of these cultures formed roots when they were transferred (after four passages) from B5-1 liquid medium to MS-O liquid medium (Table 5) . Table 5 . Root initiation from suspensions derived directly from hypocotyl or root segments placed into liquid B5 or MS with the indicated growth regulators for three subcultures. Tests for regeneration were done in MS-O liquid medium (90 pE m-2 s -! ) at the fourth subculture with 25 ± 5 mgidry weight inocula. + = <20; ++ : 200 to 500; +++ = > lOOQ rootS per f l a s k .
Original
Growth The regenerated plants were phenotypically similar to the greenhouse-grown 1979ND1 accession (Fig. 5) . They differed from the original accession in that they grew more slowly and did not flower in the greenhouse. 
DISCUSSION
During the early phases of this study, it was believed that the only leafy spurge accession with the capacity to regenerate from cell suspensions was the North Dakota accession, since early attempts to regenerate the Austrian and Oregon accessions and other cultures from Idaho, Nebraska and Minnesota (accessions 1978ID2, 1979NE1, 1979MN1, respectively) were not successful. It appeared that leafy spurge lost the genetic capacity for regeneration when placed into culture (with the obvious exception of 1979NDI). However, this proved untrue, as the Austrian and Oregon accessions did form organs, with some difficulty and in low numbers. Organogenic cell suspensions were also formed readily from hypocotyls grown from seeds of diverse parentage, without going through the callus phase. There was no evidence of somatic embryos being formed, as occurs:with carrot cultures derived directly from hypocotyls (Nomura and Komamine 1985) .
Root formation appears to be the end point for callus cultures of many plants, so that if roots form first, shoots usually do not (Burgess 1985) . However, in leafy spurge, the usual pattern of development in cell suspension cultures was to form shoots on cultures that rooted first. Only very occasionally were shoots formed prior to roots in this study. In some experiments, shoots were not observed at all; perhaps the experiments were terminated too soon.
The effects of exogenous growth regulators are not described in this study because the results of numerous experiments were extremely variable and often contradictory. The fact that entire plantlets could be formed without exogenous growth regulators indicates that the cultures were capable of producing their own at the proper ratios, if grown sufficiently long in hormone-free media and if carryover of 2,4-D, NAA or kinetin with the inocula was minimized by washing of the inocula with hormone-free medium. The endogenous levels of growth regulators need to be determined in these cultures to assess their relationship to organogenesis.
The nitrogen status of the medium was investigated because the results of early experiments indicated that cells transferred to BS-O medium often produced more roots than those in MS-O medium, but the roots did not develop as well as in MS-O medium. The differences were initially thought to be due to the higher sucrose concentration being used in MS medium than in BS, but this was not borne out by experimentation. Organogenesis in leafy spurge does not appear to be coupled closely to the nitrogen status of the culture: at least not to the extent reported for somatic embryogenesis in several other cell culture systems (Hyndman et al. 1982 , Kamada and Harada 1979 , Masuda et al. 1981 , Thomas and Street 1972 , Wetherell and Dougall 1976 . Leafy spurge cells were capable of organogenesis in a wide range of reduced,oxidized nitrogen combinations, but the r a t i o used in MS medium (33:67) appears to be somewhat more favorable than others.
The persistence of leafy spurge as a perennial noxious weed in nature is not surprising, considering the diverse conditions under which cells formed organs in this study. The problem comes in sorting out which factorsare most significant in the development of the plant and whether those factors are unique enough to be able to apply rational control methods by chemical inhibition of key growth processes.
